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PROBLEM  STATEMENT  AND  INTRODUCTION 


The  XM830  projectile  body  is  basically  a  cylindrical  shell  fabricated  from 
a  4140  steel  forging.  Its  engineering  purpose  is  to  be  launched  from  a  gun  tube 
and  deliver  a  shaped  charge  penetrator  to  an  armored  target.  If  the  projectile 
survives  the  launch,  it  is  assumed  that  its  intended  purpose  is  fulfilled.  This 
report  summarizes  the  steps  taken  to  establish  defect  criteria  that  insure 
launch  survival.  Fracture  mechanics  is  used  to  establish  the  limits  on 
allowable  flaw  size. 

The  schedule  of  work  was  as  follows.  Several  body  forgings  were  obtained 
from  Honeywell,  Inc.  (the  primary  contractor).  Fracture  mechanics  specimens 
were  manufactured  from  these  bodies  to  determine  the  fracture  toughness  of  the 
4140  steel.  From  the  launch  stress  analysis  provided  by  Mr.  C.  Larson  of  the 
Applied  Sciences  Division,  U.S.  Army  AROEC,  Dover,  NJ,  the  fracture  mechanics 
parameter  K  was  determined  for  various  defect  sizes  at  various  locations  in  the 
projectile  body.  The  allowable  defect  size  was  the  largest  defect  which  would 
not  propagate  during  launch.  No  safety  factor  was  applied  to  the  resulting 
defect  size  since  very  conservative  assumptions  were  used  in  the  fracture 
mechanics  analysis  to  determine  K. 

EXPERIMENTAL  PROCEDURES 

Ten  projectile  bodies  were  received  from  the  primary  contractor.  They  were 
first  subjected  to  a  hardness  test.  From  the  results  of  these  tests,  two  bodies 
were  chosen  to  evaluate  the  fracture  toughness  of  the  4140  steel.  The  two 
bodies  chosen  were  that  with  the  greatest  hardness  and  that  with  the  least 
hardness. 
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Fracture  toughness  samples  were  taken  from  two  locations  and  in  two  dif¬ 
ferent  orientations  at  each  location  from  each  body  chosen.  The  specimen  layout 
is  shown  in  Figure  1.  The  circumferential  specimens  give  the  toughness  proper¬ 
ties  associated  with  a  longitudinal  defect,  and  the  longitudinal  specimens  give 
the  toughness  properties  associated  with  a  circumferential  defect. 

The  obtained  specimens  were  loaded  as  shown  in  Figure  2.  The  samples  were 
first  fatigue  loaded  to  produce  a  sharp  crack.  After  precracking,  the  specimens 
were  loaded  to  produce  some  additional  crack  growth  under  monotonic  loading 
while  the  applied  load  and  specimen  displacement  were  measured.  The  amount  of 
crack  growth  that  resulted  was  measured  by  "heat  tinting."  The  samples  were 
placed  in  a  furnace  at  an  elevated  temperature  and  the  steel  corroded.  The 
corrosion  product  was  a  different  color  depending  on  how  the  corroding  surface 
was  formed  (fatigue  fracture  surfaces  were  different  from  machined  surfaces, 
etc.).  This  resulted  in  a  clear  marking  of  the  amount  of  crack  growth  that 
occurred  during  the  test.  From  the  load-displacement  curves,  the  energy  dissi¬ 
pated  by  the  specimen  during  the  test  was  obtained  by  measuring  the  area  under 
the  curve.  The  area  was  then  used  to  calculate  the  fracture  mechanics  parameter 
"the  J-integral"  or  simply  "J."  The  J-integral  fracture  toughness  was  deter¬ 
mined  by  extrapolating  a  plot  of  J  versus  crack  growth  from  several  samples  to 
the  value  of  J  that  occurs  with  no  crack  growth.  This  toughness  value  can  be 
converted  to  K  and  used  to  calculate  maximum  flaw  sizes. 

The  authors  of  this  report  have  recently  established  that  the  J-integral 
evaluated  just  after  peak  load  in  small  steel  samples,  such  as  those  tested 
here,  is  a  good  conservative  measure  of  the  toughness  of  the  material.  This  is 
a  good  method  of  generating  a  large  number  of  toughness  measurements  without 
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determining  J  versus  crack  growth  curves.  Using  this  technique,  toughness 
values  from  the  threaded  section  at  two  temperature  extremes,  -50®F  and  +150‘’F 
were  measured.  Four  specimens  were  tested  at  each  of  these  temperatures,  a 
number  which  was  insufficient  to  determine  a  valid  J  versus  crack  growth  curve. 
Although  this  is  a  different  approach  than  the  standard  method,  it  is 
demonstrated  that  this  technique  produces  toughness  measurements  within  about  10 
percent  of  the  toughness  measured  by  the  standard  technique. 

RESULTS 

The  Rockwell-C  hardness  values  of  the  provided  projectile  bodies  are  shown 
in  Table  I.  Bodies  X581,  X36,  and  X433  were  chosen  for  fracture  toughness  eval¬ 
uation.  The  plots  used  to  determine  the  J-integral  toughness  values  are  shown 
in  Figures  3  through  9.  These  toughness  values  are  also  summarized  in  Table  II, 
where  they  have  been  converted  to  the  equivalent,  but  more  convenient  K  values. 

The  toughness  results  show  an  expected  trend.  The  lower  hardness  body  has 
higher  toughness  than  the  higher  hardness  bodies.  The  circumferential  proper¬ 
ties  are  lower  than  the  longitudinal  toughness  values.  This  is  to  be  expected 
as  the  material  was  probably  worked  more  during  processing  in  the  longitudinal 
direction. 

The  effect  of  temperature  on  toughness  is  summarized  in  Table  III.  Five 
specimens  from  the  threaded  section  were  tested  at  room  temperature  and  using 
the  extrapolation  technique,  a  toughness  of  about  89  Ksi/in.  was  determined. 
Using  the  J  at  maximum  load,  an  average  toughness  of  85  Ksi/in.  was  found. 

Thus,  the  J  at  maximum  load  method  will  probably  give  an  estimate  of  toughness 
within  less  than  10  percent  of  the  standard  J  test.  The  toughness  values 


3 


reported  at  -50®F  (65  Ksi/in.)  and  +150*F  (76  Ksi/in. )  are  the  average  of  four 
measurements  using  J  at  maximum  load.  These  results  show  that  toughness  is  a 
function  of  temperature.  The  lowest  toughness  measured  was  65  Ksi/in. ;  the  4140 
steel  tested  would  probably  not  have  a  toughness  value  below  50  Ksi/in.  at  any 
hardness  level,  orientation,  or  operating  temperature.  Therefore,  in  developing 
acceptable  flaw  size  criteria,  we  decided  not  to  allow  K  to  exceed  25  Ksi/in. 
(the  expected  lowest  value  possible  divided  by  a  safety  factor  of  two)  during 
1 aunch . 

FRACTURE  MECHANICS  ANALYSIS 

As  stated,  fracture  mechanics  was  used  to  determine  allowable  flaw  sizes. 

'o  accomplish  this,  the  stress  intensity  factor  (K)  was  estimated  for  defective 
bodies  subjected  to  launch  loading  conditions.  With  the  stress  analysis  pro¬ 
vided  by  the  Applied  Sciences  Division,  all  that  was  required  was  an  estimate  of 
crack  sizes  and  geometry.  We  assumed  that  both  the  depth  through  the  thickness 
(a)  and  the  length  along  the  axis  (2C)  could  be  determined.  Also,  we  assumed 
that  such  a  crack  would  have  a  semi -ell iptical  shape.  In  addition,  we  assumed 
that  the  stresses  in  the  body  had  a  uniform  tensile  component  (S^)  and  a  pure 
bending  component  (S0).  This  is  shown  schematically  in  Figure  10. 

The  stress  intensity  factor  for  a  semi-el  1  i'^tical  crack  subject  to  both 
tension  and  bending  can  be  given  as: 

^  /rra  M 

=  "if"  (St  +  HSb)  (1) 

where 

M  =  (1.13  -  0.09(a/c))  +  (-0.54  +  0.89[0.2  +  (a/c) ]"’ ) (a/B) ^  + 

+  (0.5  -  [0.65  +  (a/c)]-i  +  14[1  -  (a/c) ] } (a/B)  ‘ 
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♦*  =  1  +  1.464(a/c) 


1.65 

H  =  1  -  [1.22  +  0.12(a/c)](a/B)  + 

+  [0.55  -  1.05(a/c)0-'^5  +  0. 47 (a/c )  1  •  5]  (a/B ) * 
a  =  crack  depth  through  the  wall  thickness 
2C  =  crack  length  along  the  surface 
B  =  the  wall  thickness 

Using  Eq.  (1)  we  can  develop  the  crack  size  (a)  and  (2C)  that  will  result 
•in  an  applied  K  of  25  Ksi/in.  during  launch. 

The  values  of  S*  and  S3  were  determined  from  the  stress  analysis  provided 
by  the  Applied  Sciences  Division.  First,  the  locations  of  the  maximum  occurring 
tensile  stress  were  found.  The  minimum  stress  (Sn,.jp)  was  that  stress  at 

the  same  axial  location  on  the  other  side  of  the  wall  thickness.  Assuming  the 
approximation  of  Figure  10,  S^  and  S0  are  easily  found  as 

^max  ■  ^min 

Sb  - - 2 . 

^t  "  ^max  ■  ^B 


DEFECT  CRITERIA 

Using  Eqs.  (1),  (2),  and  (3)  the  comPinatioi.  of  a  and  C  that  results  in  K 
of  25  Ksi/in.  was  determined  by  iteration.  These  results  are  summarized  in 
Table  IV.  Some  limits  were  set  arbitrarily.  First,  any  crack  depth  that  is 
more  than  one-half  of  the  wall  thickness  is  considered  too  severe  and  should  be 
scrapped.  Second,  the  maximum  length  (2C)  was  restricted  to  60  times  the 
shallowest  crack  that  produced  25  Ksi/in.  Using  these  allowable  flaw  sizes  will 
result  in  no  failures  due  to  launch  loading. 
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TABLE  I.  HARDNESS  OF  RECEIVED  BODIES 


Body  No. 


R 


X25R 

X36R 

X80R 

X391R 

X281R 

X421R 

X433R 

X441R 

X477R 


C 


Hardness 


41 

39 

40 

42 
42 
40 
44 
42 
42 


X581R 


44 


TABLE  II.  J- INTEGRAL  TOUGHNESS 


Body 

Location 

Orientation 

J 

( Ibs/in. ) 

K 

(Ksi/in.  ) 

X433 

Threaded 

Long. 

322 

98 

X581 

Threaded 

Circ. 

266 

89 

X581 

Thin  Wall 

Long. 

335 

100 

X581 

Thin  Wall 

Circ. 

198 

77 

X36 

Threaded 

Circ. 

536 

127 

X36 

Thin  Wall 

Long. 

497 

122 

X36 

Thin  Wall 

Circ. 

272 

88 

TABLE  III.  CIRCUMFERENTIAL  TOUGHNESS  AT  VARIOUS  TEMPERATURES 
OF  THE  X581  BODY,  THREADED  REGION 


Temperature 

Toughness  (Ksi/in. ) 

Method 

-50“F 

65 

Max.  Load 

Room  Temp. 

89 

Extrapolation 

Room  Temp. 

85 

Max.  Load 

+  150‘'F 

76 

Max.  Load 
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gure  1.  Layout  and  definitions  for  XM830  projectile  bodies. 


Uitk 


Figure  2 


Loading  of  the  fracture  toughness  specimens, 
longitudinal:  top,  circumferential:  bottom. 
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0.02 


figure  3 


figure  4. 


J-R  curve  for 

longitudinal 


Crack  Extension 


(in) 


Projectile  body  X433 
properties.  ' 


threaded  section 


««.  ‘-'resd*.  .ect. 


on. 
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J  (Ib/in) 


Figure  5 


Figure  6. 


J-R  curve  for  projectile  body  X581,  thin-walled  section, 
longitudinal  properties. 


Crack  Extension  (in) 


J-R  curve  for  projectile  body  X581,  thin-walled  section, 
circumferential  properties. 
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J  (Ib/in) 


Crack  Extension  (in) 


Figure  7 


Figure  8. 


J-R  curve  for  projectile  body  X36,  threaded  section, 
circumferential  properties. 


J-R  curve  for  projectile  body  X36,  thin-walled  section 
longitudinal  properties. 


Figure 


Figure 


Crack  Extension  (in) 


9.  J-R  curve  for  projectile  body  X36,  thin-walled  section, 
circumferential  properties. 


1C.  Linear  approximation  to  the  actual  stress  distribution 
in  the  projectile  body  during  launch. 
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WARREN,  MI  48397-5000 

COMMANDER 

US  MILITARY  ACADEMY  1 

ATTN;  DEPARTMENT  OF  MECHANICS 
WEST  POINT,  NY  10996-1792 

US  ARMY  MISSILE  COMMAND 
REDSTONE  SCIENTIFIC  INFO  CTR  2 

ATTN;  DOCUMENTS  SECT,  BLDG.  4484 
REDSTONE  ARSENAL,  AL  35898-5241 

COMMANDER 

US  ARMY  FGN  SCIENCE  AND  TECH  CTR 
ATTN:  DRXST-SD  1 

220  7TH  STREET,  N.E. 

CHARLOTTESVILLE,  VA  22901 

COMMANDER 

US  ARMY  LABCOM 

MATERIALS  TECHNOLOGY  LAB 

ATTN;  SLCMT-IML  (TECH  LIB)  2 

WATERTOWN,  MA  02172-0001 


NOTEi  PLEASE  NOTIFY  COMMANDER,  ARMAMENT  RESEARCH,  DEVELOPMENT,  AND  ENGINEERING 
CENTER,  US  ARMY  AMCCOM,  ATTN:  BENET  LABORATORIES,  SMCAR-CCB-TL , 
WATERVLIET,  NY  12189-4050,  OF  ANY  ADDRESS  CHANGES. 


TECHNICAL  REPORT  EXTERNAL  DISTRIBUTION  LIST  (CONT'D) 


NO.  OF 
COPIES 

COMMANDER 

US  ARMY  LABCOM,  ISA 

ATTN:  SLCIS-IM-TL  1 

2800  POWDER  MILL  ROAD 
ADELPHI,  MD  20783-1145 

COMMANDER 

US  ARMY  RESEARCH  OFFICE 

ATTN:  CHIEF,  IPO  1 

P.O.  BOX  12211 

RESEARCH  TRIANGLE  PARK,  NC  27709-2211 
DIRECTOR 

US  NAVAL  RESEARCH  LAB 

ATTN:  MATERIALS  SCI  &  TECH  DIVISION  1 

CODE  26-27  (DOC  LIB)  1 

WASHINGTON,  O.C.  20375 


NO.  OF 
COPIES 

COMMANDER 

AIR  FORCE  ARMAMENT  LABORATORY 
ATTN:  AFATL/MN  1 

EGLIN  AFB,  FL  32542-5434 

COMMANDER 

AIR  FORCE  ARMAMENT  LABORATORY 
ATTN:  AFATL/MNF 

EGLIN  AFB,  FL  32542-5434  1 

METALS  AND  CERAMICS  INFO  CTR 
BATTELLE  COLUMBUS  DIVISION 
505  KING  AVENUE 

COLUMBUS,  OH  43201-2693  1 


NOTE:  PLEASE  NOTIFY  COMMANDER,  ARMAMENT  RESEARCH,  DEVELOPMENT,  AND  ENGINEERING 
CENTER,  US  ARMY  AMCCOM,  ATTN:  BENET  LABORATORIES,  SMCAR-CCB-TL , 
WATERVLIET,  NY  12189-4050,  OF  ANY  ADDRESS  CHANGES. 


